The 1.53 μm gain characteristics of Er x YbY 2−x SiO 5 nanowire and film material waveguide amplifiers have been investigated considering the upconversion effect by solving rate equations and propagation equations. The gains of Er x YbY 2−x SiO 5 nanowire waveguides have a significant enhancement compared with those of film material waveguides due to low propagation loss and long photoluminescence lifetime. The cooperative upconversion (CUC) effect plays a significant role in the simulation. The maximum 27 dB/mm gain for a 1 mm length Er x YbY 2−x SiO 5 nanowire waveguide was obtained without CUC, and only about 2 dB/mm gain was obtained with CUC. However, the low thresholds of 10.7 and 0.7 mW, respectively, for the Er x Y 2−x SiO 5 and Er x Yb 2−x SiO 5 nanowire waveguides amplifiers were observed with CUC by analyzing the relation between optical gain and the Er/Yb/Y concentration, waveguide length, waveguide cross section area, energy-level lifetime, and pumping power coefficients. The low threshold is two to three orders of magnitude lower than the threshold used in thin film experiments.
Introduction
Silicon photonics has attracted increasing attention and research efforts in recent years due to their potential for low-cost integration using existing complementary metal-oxide-semiconductor (CMOS) technology and the small footprints of silicon photonic devices [1, 2] . Some important components such as high-speed modulators and detectors have already been realized [3, 4] , while an Si-based or Sicompatible light source has not been developed yet because Si, as an indirect bandgap semiconductor, does not emit light efficiently [5] . The two major approaches were adopted to overcome the difficulty caused by the indirect bandgap of Si in order to obtain optical gain, microstructuring the Si materials [6] , or introducing light-emitting impurities into Sibased materials [7] . For light-emitting impurities such as erbium (Er) doping Si substrate, it is usually difficult to reach high doping concentrations because the solid solubility of Er in Si-based materials is very low [5] .
Recently, Er silicates (Er 2 SiO 5 and Er 2 Si 2 O 7 ) offer a number of advantages as emission hosts compared with the other Er-doped Si-based materials because of their high Er concentration of ∼10 22 cm −3 and proven, stable, low-noise operation luminescence at the 1.53 μm region [8] [9] [10] [11] . In Er silicates, Er is one of the three major elements, therefore reaching high concentrations due to the chemical stoichiometry without segregation [8] . However, such a high concentration results in upconversion due to the near distance of Er ions that limit the Er luminescence. Therefore, characterizing and controlling Er ions distances in such Er silicates are necessary. To overcome this problem, Ytterbium (Yb) and Yttrium (Y) cations were added into the structure to dilute Er ions, which can substitute Er ions in the silicate lattice and prevent neighboring Er ions from causing upconversion [11] [12] [13] [14] .
Some groups [11] [12] [13] [14] have obtained optimized ion concentrations for the Er/Yb/Y silicates. Based on the optimized materials, several kinds of Er/Yb/Y silicate waveguide structures have been fabricated for optical amplification purpose [15] [16] [17] [18] [19] . However, the net gain still was not achieved. It is suggested that the large waveguide propagation loss (3-8 dB/cm) due to scattering of the silicate crystal is the main reason for limiting optical amplification [16, 17, 19] . On the other hand, the high pumping threshold power was required to realize population inversion because Er has a low lifetime at such high Er concentration [16] . In 2012, Yin et al. [20] proposed a new method to solve the problem regarding large waveguide propagation loss. The single-crystal erbiumchloride silicate Er 3 SiO 4 2 Cl nanowire was demonstrated as waveguide amplifier material. Because of the single crystal property of nanowire, it has fewer defects on its surface and core, thus, it decreases the propagation loss. Another novel phenomenon in the experiment is the high photoluminescence (PL) lifetime (up to 500 μs) of nanowire in high Er concentration (10 22 ∕cm 3 ), which is 27 times larger than thin film materials [20] . This can promise an easier pumping process to realize population inversion. The exceeding 100 dB/cm optical gain has been expected based on above optimized erbium-chloride silicate nanowire materials using a simple three energy level system model [21] . However, the upconversion effect is not considered in their three energy level system model. It is well known that the upconversion effect in the Er-doping Si-based materials is of great importance, which should not be neglected, especially in such a high Er concentration system of Er silicate.
In this paper, we first propose the three energy level model considering the upconversion effect, and we simulated the gain of the Er x YbY 2−x SiO 5 nanowire material waveguide taking advantage of the single crystal and long lifetime property. At the same time, the Er x YbY 2−x SiO 5 film material waveguide gain has been simulated based on our previous study of Er x YbY 2−x SiO 5 film materials' parameters, in order to offer a comparison with the nanowire material waveguide. Finally, the low threshold Er x YbY 2−x SiO 5 nanowire material waveguide amplifiers were designed by analyzing the relation between optical gain and the Er/Yb/Y concentration, waveguide length, waveguide cross section area, energy level lifetime (ELL), pumping power coefficients, etc.
Theoretical Model
In order to design an appropriate waveguide amplifier with appropriate Er/Yb/Y concentration and waveguide length, the signal gain simulation and pump efficiency analysis were performed for both nanowire and film materials, expecting guidance for material fabrication.
A 980 nm laser was chosen as the pump source for both Er x Y 2−x SiO 5 and Er x Yb 2−x SiO 5 materials, since it is the most efficient pump scheme for optical amplification. "R xy " denotes pump interaction, while "A xy " denotes spontaneous emission, "A NR 21 " means nonradiative transition from 4 I 11∕2 to 4 I 13∕2 , C 11 is the first-order cooperative upconversion (CUC) process, while C a2 and C b0 are the transition coefficients describing Er-Yb ion interaction. According to the experiment results in [16, 17] , the upconversion effect plays an important role for signal gain, and most Er ions are distributed in 4 I 11∕2 , 4 I 13∕2 , and 4 I 15∕2 three energy levels. So the first-order CUC effect is considered in this model.
For the Er x Y 2−x SiO 5 material, the following rate equations were used, neglecting the influence of signal power due to its much smaller value compared with that of the pump power: 
where σ xy is the emission/absorption cross section between N x and N y . Similarly, τ xy is the reciprocal transition rate between N x and N y . ϕ p , however, is the pump photon flux, assumed to be uniform on the waveguide cross section. The propagation equations are given by
where Γ p , Γ s denote pump and signal confinement factor, α p , α s denote pump and signal propagation loss. For the Er x Yb 2−x SiO 5 material, energy coupling between Er and Yb ions needs to be precisely reflected by its rate equations, given by
Also the pump is absorbed by both Er and Yb ions (most by Yb ions), so the associated propagation equations are given by
The nanowire material waveguide and thin film material waveguide were analyzed, respectively. According to COMSOL simulation of the step-index waveguide, the maximum allowed waveguide diameter has been chosen for single-mode transmission with good energy confinement and convenient lightinput coupling. For an Er/Yb/Y silicate nanowire material waveguide, a 600 nm diameter nanowire with 1.63 refractive index was designed with confinement factor of 0.83 for 980 nm excitation and 0.42 for 1530 nm excitation. In addition, the characteristics of nanowire, PL lifetime, emission/absorption cross section, attenuation loss, etc. were extracted from the experimental parameters in [20, 21] . It is also assumed that the propagation loss (α) is set to 0 dB/mm due to the nanowire's perfect single crystal property, For thin film material waveguide, the corresponding parameters were prepared according to our previous study of Er x YbY 2−x SiO 5 thin films [13, 14, 16, 17] . Table 1 illustrates the parameters' value and their associated references.
Besides, Er/Yb/Y concentration and ELL are also the determining coefficients for the population inversion and optical gain. For the 4 I 13∕2 state, the ELL varies among different concentrations for nanowire materials and film materials [13, 14, 20] . Table 2 lists the 4 I 13∕2 state ELL of for those two kinds of materials. Furthermore, the CUC coefficient C 11 for different Er concentrations is estimated to 
Results and Discussion
In order to compare the performance of the Er x Y 2−x SiO 5 silicate nanowire material waveguide and thin film material waveguide, the maximum signal gain for the 1 mm waveguide is calculated for 100 mW pump power (saturated gain) with respect to various x values, as shown in Fig. 2 . The total Er x Y 2−x SiO 5 silicate concentration is kept as constant, 2 × 10 22 cm −3 . Figure 2(a) shows the maximum signal gain as a function of x value (Er concentration) without CUC. It can be seen that the gain will go straight upward for the nanowire materials waveguide, while reaching a maximum point and gradually decreasing for thin film waveguide by increasing x value. The maximum 27.5 dB/mm gain was obtained for the nanowire waveguide, which is consistent with [20] . For a thin film waveguide, the only maximum 5 dB/mm was obtained. This is because higher Er concentration will result in more intensified population inversion, thus raising the gain. Meanwhile, it also makes the pump attenuate faster in the waveguide. Therefore, the pump in a thin film material waveguide of 1 mm length has already experienced considerable attenuation at the "far end," which fails to provide population inversion and makes the signal inside being reabsorbed due to the large propagation loss and short PL time. However, the nanowire has a much smaller pump threshold because of its much longer PL lifetime; hence, a 1 mm waveguide is still eligible for providing allalong-waveguide stimulated emission. With CUC, the maximum signal gain of the Er x Y 2−x SiO 5 nanowire is decreased to 2.8 dB/mm at the x value of 0.5, corresponding to Er concentration of 5 × 10 21 cm −3 , as illustrated in Fig. 2(b) . Obviously, CUC violently damages population inversion when Er density further goes up; the interaction between Er ions became more frequent, consuming much more ions at the first excited state, which causes total signal gain to decrease, as indicated in the gain reduction at x > 0.5 in Fig. 2(b) . In this situation, however, the nanowire waveguide still performs better over the thin film waveguide. The optimal gain for the thin film waveguide is 1 dB/mm, which is much lower than the 2.8 dB/mm of nanowire waveguide. Figure 3 shows the maximum signal gain of Er x Yb 2−x SiO 5 material waveguide for the 1 mm waveguide for 100 mW pump power (saturated gain) with respect to various x values. The highest gain of nanowire is 27 dB/mm neglecting CUC, as shown in Fig. 3(a) , which is approximately equal to the 27.5 dB/mm of Er x Y 2−x SiO 5 . While in Fig. 3(b) , the optimal gain is reduced to 1.6 dB/mm at x 0.18, corresponding to Er concentration of 1.8× 10 21 cm −3 . This reduction can be explained by the relative lower optimal x value of Er x Yb 2−x SiO 5 . Also, as shown in Fig. 3(b) , the gain curve of the nanowire declines sharply as x overruns 0.18, and the net gain only could be achieved when x < 0.5. However, the net gain still can be obtained until x 1.0 for Er x Y 2−x SiO 5 . At x 1.6, the gain reduces to −10 dB∕mm, which is much smaller than the corresponding −3 dB∕mm in Fig. 2(b) . This gain degeneration is caused by backward energy transfer from Er to Yb due to the CUC effect; the inverse transition of Er ions from 4 I 13∕2 to 4 I 11∕2 is intensified. So the increased ions of the 4 I 11∕2 state facilitate the backward energy transfer from 4 I 11∕2 to 2 F 7∕2 , which reduces the efficiency of population-inversion of Er ions. So the concentration of Er-Yb should be seriously taken into consideration in order to ensure Yb is operating at appropriate status, where Yb concentration is just enough to maintain the onward transfer (from Yb ion to Er ion, also known as "sensitization") so as to achieve net gain rather than enhance backward transfer.
The ideal signal gain formula for the optical amplifier, assuming all Er ions are pumped to the 4 I 11∕2 state, is expressed as
Consider the optimal cases obtained in Figs. 2 and 3. For the Er x Y 2−x SiO 5 nanowire material waveguide, the optimal N Er 5 × 10 21 cm −3 , corresponding to G 9.3 dB∕mm; for Er x Yb 2−x SiO 5 , however, the optimal N Er 1.8 × 10 21 cm −3 , corresponding to G 3.3 dB∕mm. Hence, both types of materials' gain hardly reach their theoretical expectation.
Although the expected high signal gain for the optical amplifier is not achieved, the pump power threshold in the simulation is extraordinary low. Figure 4 shows the signal gain versus pump photon flux for both Er x Y 2−x SiO 5 and Er x Yb 2−x SiO 5 nanowire material waveguides, respectively. Notice that the x applied in each case is the optimal value obtained in Figs. 2 and 3 , so as to analyze the evolution of signal gain with pump in the optimal cases. Apparently, the curves of Er x Yb 2−x SiO 5 [ Fig. 4(b) ] are much steeper than Er x Y 2−x SiO 5 [ Fig. 4(a) ], and the threshold pump photon flux (10 24 cm −2 ) is one magnitude lower than the latter one. This manifests the Yb ions' ability to sensitize Er ions and make the absorption of pump photons more efficiently. As indicated in Fig. 4 , a thin film material waveguide hardly reaches net gain, even though it is in its optimal x. In this aspect, nanowire substantially transcends thin film. The threshold pump power is computed by
where h is plank constant and ν is pump frequency. A denotes the cross section area of the waveguide. For Er x Y 2−x SiO 5 and Er x Yb 2−x SiO 5 nanowires, the threshold power P is 10.7 and 0.7 mW, respectively, which is much lower than the 370 mW used in thin films' experiments [16, 17] . This could promise higher possibility to achieve net gain. Moreover, a much longer waveguide could be designed to achieve high gains. According to our simulation on waveguide length, for both Er x Y 2−x SiO 5 and Er x Yb 2−x SiO 5 nanowire material waveguides, the maximum gain still increases linearly beyond 1 cm at 100 mW pumping, corresponding to a nearly 300 dB gain.
Conclusions
The gains of Er x YbY 2−x SiO 5 nanowire waveguides have significant enhancement compared with those of a film materials waveguide due to low propagation loss and longer PL lifetime. The CUC effect plays a significant role for an Er x YbY 2−x SiO 5 waveguide.
The maximum 27 dB/mm gain for Er x YbY 2−x SiO 5 nanowire was obtained without cooperative upconversion (CUC), and only about 2 dB/mm gain was obtained with CUC. However, low thresholds of 10.7 and 0.7 mW, respectively, for the Er x Y 2−x SiO 5 and Er x Yb 2−x SiO 5 nanowire waveguide amplifiers were observed, which are two to three orders of magnitude lower than that used in thin films' experiments. This property of Er x YbY 2−x SiO 5 nanowire indicates a promising waveguide material for achieving high gain optical waveguide amplifiers and lasers. 
